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COMPARATOR CIRCUITS HAVING NON-COMPLEMENTARY
INPUT STRUCTURES

Field of the Invention

The present invention relates generally to electronic circuits, and more particularly to sense

amplifiers, differential amplifiers and other comparator circuits that perform comparisons oftwo or

more input signals.

Background of the Invention

Very large scale integration (VLSI) integrated circuits and other types of electronic circuits

commonly include circuits for performing the comparison oftwo ormore signals. The latter circuits

are referred to herein as comparator circuits or simply comparators, and may be implemented in the

analog domain or the digital domain.

In the analog domain, two fundamental comparators are the analog sense amplifier and the

differential amplifier. The differential amplifier is also referred to as an operational amplifier or

simply op-amp. These analog comparator circuits typically resolve the difference between two

signals that are complements ofone another, where in this context the complement ofone ofthe two

signals may be defined as the other signal mirrored around a common mode signal.

FIG. 1 illustrates the concept ofcomplementary signals in the analog domain. As shown in

the figure, a common-mode input voltage VCM is the arithmetic mean oftwo signals VA and VB , and

is defined as (VA + VB)/2. Since signals VA and VB are equally displaced above and below the

common mode voltage VCM by an amount A, these two signals are the analog complements of one

another. The separation ofVA and VB is known as the differential-mode input voltage and is given

by VD
= (VA - VB)

= 2A. The two input signals can thus be represented as a common-mode

component and a differential-mode component. When the magnitude of A is small, these analog

comparator circuits perform amplification and can therefore be used to sense very small voltage

differences.

FIGS. 2A and 2B show examples of conventional differential amplifiers. The voltage

supplies for these and other circuits described herein are illustratively Vdd and ground, but other
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supplies could of course be used. For example, Vss voltage supply values other than ground could

be used.

A differential amplifier is an analog amplifier that has the capability of extracting a signal

with respect to another signal. The other signal can be a common-mode value or its complement.

Referring to FIG. 2A, the differential amplifier receives two balanced inputs VA and VB . The

generation of the signals Vnch and Vpch
follows conventional rules. In the differential amplifier of

FIG. 2B, the two input signals are the signal VA and the common mode voltage VCM . Both ofthese

differential amplifiers compare the difference between their two input signals and generate one or

more outputs. More particularly, the FIG. 2A differential amplifier generates an output signal out

and its complement out, and the FIG. 2B differential amplifier generates the complement output

signal out .

FIGS. 3A and 3B show examples of conventional sense amplifiers. Each of the sense

amplifiers includes transistors ml, m2, m3, m4, m5 and m6 arranged as shown. It should be noted

that for simplicity of illustration transistor designations ml, m2, m3, etc. will be reused herein to

designate different transistors in different circuits. These designations should therefore not be

construed as denoting common elements in all figures.

The transistors ml and m2 in the circuits ofFIGS. 3A and 3B form a cross-coupled portion

that provides positive feedback during an evaluation operation ofthe sense amplifier. When an input

clock signal ck applied to the gates ofm3 and m4 is high, the circuit is initialized and m3 equalizes

the potential at the output nodes. In FIG. 3A, an input signal VA and its complement VB are each

applied to one of the evaluation "legs" of the sense amplifier which in this example correspond to

transistors m5 and m6, respectively. The evaluation legs are also referred to herein as input legs.

In FIG. 3B, the input signal VA is compared against the common mode voltage VCM .

Both the FIG. 3A and FIG. 3B circuits are evaluated when the clock signal ck goes low.

Note that for a small differential-mode signal, both evaluation legs, i.e., the left leg (m5) and the

right leg (m6), can be enabled. This will prevent the output nodes from achieving full digital values

and will cause additional power dissipation.

In the digital domain, sense amplifiers can be used to perform comparisons between two

digital Boolean functions that are complements of one another. A trivial case is when a Boolean
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function and its inverse are compared. For example, assume input signal VB is the Boolean

complement of input signal VA . Note that ifVA = 0, VB
= 1 and vice versa. The sense amplifier

circuits given in FIGS. 3A and 3B can therefore be used to extract the digital signal in this case. In

FIG. 3B, the value ofVCM would be between a 0 and a 1, i.e., Vdd/2.

FIGS. 4A and 4B show sense amplifiers suitable for performing comparisons in a case when

the Boolean function has more than one value. In this case, a complementary function F is formed

by applying the well-known DeMorgan rule to a Boolean function F. For instance, ifF = AB, then

F =A + B, in accordance with the DeMorgan rule. The sense amplifier ofFIG. 4A implements these

two Boolean functions. The left input leg circuit structure for F = AB corresponds to the series

combination ofm5 and m6. The corresponding result is found on the opposite side of the circuit.

Similarly, the right input leg circuit structure for F = A + B corresponds to the parallel combination

of m7 and m8. Note that the inputs that are applied to this circuit must be complementary. For

example, if A = 1 and B = 0, then A = 0 and B = 1. More particularly, in all four exhaustive

combinations of the inputs A and B in this example, the inputs applied to one side ofthe circuit are

the binary complement ofthose inputs applied to the other side. Thus, only one leg of the circuit is

enabled at a particular time.

Transistors ml, m2, m3 and m4 in the circuits ofFIGS. 4A and 4B are configured as in the

circuits ofFIGS. 3A and 3B. As noted above, the left input leg of each of the circuits in FIGS. 4A

and 4B is comprised of transistors m5 and m6, each associated with a corresponding one of the

inputs A and B, and the right input leg ofeach of the circuits is comprised oftransistors ml and m8.

Note that transistors in parallel in the right leg translate to a series connection in the left leg, and vice

versa, as a consequence of the DeMorgan rule. Also, note the inversion ofthe inputs from one side

of the circuit to the other. Thus, the actual structure or connectivity of each side of the circuit is

related to that of the other side through the DeMorgan rule. As a result, in order to operate the

circuit, the inputs that are applied to each side must be complementary, as previously indicated. The

structure of the transistor connectivity requires this relationship between the inputs.

The circuits of FIGS. 4A and 4B operate in substantially the same manner as the

corresponding circuits ofFIGS. 3A and 3B. However, since the inputs to transistors m5-m8 in the

circuit ofFIG. 4A are digital and follow the DeMorgan rule, one of the two evaluation legs, i.e., the
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left leg comprising m5 and m6 or the right leg comprising ml and m8, will be fully enabled while

the other will be fully disabled. This allows the output nodes to achieve full digital values and

reduces the power dissipation of the circuits after evaluation.

The common mode technique can be applied to more complex Boolean functions, but

generally becomes more difficult to predict as the function becomes more complex and the number

of inputs increases. With reference to FIG. 4B, the gates of the devices in the right leg of the sense

amplifier have the common mode voltage VCM applied to them. The widths of transistors m5 and

m6 relative to the widths oftransistors m7 and m8 can potentially cause this circuit to fail. However,

by appropriately sizing the width of the transistors in the right leg to be less than that of the left leg,

the circuit can be made to operate properly. Although not shown as such in the figure, a single

device may be used to implement the two parallel transistors m7 and m8. Furthermore, the voltage

applied to this single device can be Vdd instead of Vdd/2, although the width would need to be

further decreased. The value ofthis voltage is constant at all times and ofcourse the same for every

evaluation.

Note the difference in the meaning of complementary signals in the digital and analog

domains. In the digital domain, the two sets of inputs have a discrete number of input possibilities

given by 2
n

, where n is the number of inputs in a given leg. For example, the inputs to the left leg

the FIG. 4A circuit can be 00, 01, 10 or 1 1. In the analog case described in conjunction with FIG.

3A, the two inputs can have continuous values of A around the common mode voltage. In the

special case ofA = Vdd/2 the analog sense amplifier operates as a digital sense amplifier.

In the above-described conventional analog comparators, at most only two analog inputs are

compared at once. U.S. PatentNo. 6,191,623, issued February 20,2001 in the name ofinventor TJ.

Gabara and entitled "Multi-Input Comparator," and U.S. Patent Application Serial No. 09/162,852,

filed September 29, 1 998 in the name ofinventors T.J. Gabara and S.A. Mujtaba and entitled "Multi-

Input Comparator," both ofwhich are incorporated by reference herein, describe comparator circuits

having more than two inputs.

FIGS. 5A, 5B and 5C show example gate structures having complementary input structures.

Referring to FIG. 5A, upper and lower transistor arrays comprising pairs of transistors m7, m8 and

m5, m6, respectively, are formed using n-channel devices. Note that the complementary transistor
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array legs have opposite connectivity structures in that if one leg has parallel transistors, the other

leg has its corresponding transistors arranged in series. Because of the use ofcomplementary input

structures, the inputs to the upper leg in FIG. 5A need to be inverted. FIG. 5B shows the FIG. 5A

circuit configured with inverters to generate the inputs to the upper leg. The inverters and n-channel

devices can be replaced with p-channel devices, resulting in the circuit of FIG. 5C. In each of the

circuits ofFIGS. 5A, 5B and 5C, an output F is generated at the output ofan inverter as shown. The

FIG. 5C circuit is an example of a CMOS AND gate, and adheres to the complementary transistor

structure previously described. There is thus a simple one-to-one correspondence between the left

and right legs of a sense amplifier as described in conjunction with FIG. 4A and respective top and

bottom legs of the related static gate structure shown in FIG. 5C.

FIGS. 6A, 6B and 6C show additional examples of gate structures with complementary

inputs. The circuit shown in FIG. 6A is a CMOS OR gate, comprised oftransistors m5, m6, ml and

m8 and an inverter, in which inputs A and B each drive the capacitance oftwo gates. FIG. 6B shows

the circuit that results if the two upper series p-channel transistors m7 and m8 driven by the A and

B inputs are replaced by a single p-channel transistor m7 having its gate connected to ground. This

circuit is analogous in certain ways to the circuit ofFIG. 4B. As noted previously, instead ofusing

the common mode voltage as in FIG. 4B, the applied voltage in this case can be Vdd. However,

since m7 in FIG. 6B is a p-channel transistor, the applied voltage must be opposite in polarity, or

Vss. Since this voltage is a constant at all times, the FIG. 4B and FIG. 6B circuits exhibit equivalent

behavior.

By properly sizing of transistors, the FIG. 6B circuit can be configured to perform digital

operations. This gate structure is known as a pseudo-NMOS gate and provides advantages in terms

ofincreased throughput speed. However, the circuit can exhibit excessive power dissipation in that

if either A or B is high, a resistive path forms between Vdd and ground. In this gate structure, a

single upper device that is always enabled (m7 in FIG. 6B) replaces the complementary structure

(m7 and m8 in FIG. 6A). Although the upper device is not being driven by either input signal A or

B, its ground potential input is analogous to a common mode signal since its voltage is always

constant.
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FIG. 6C shows a modified circuit having a reduced power dissipation but substantially the

same speed advantages of the FIG. 6B circuit. In the FIG. 6C circuit, a clock signal ck is used to

enable each leg in alternate cycles. That is, when ck is low, the upper leg is enabled due to m7

which precharges nodefont, while the lower leg is disabled due to the series transistor ml . When

ck is high, the upper leg is disabled and the lower leg can be conditionally enabled depending on the

values ofA or B either pulling the nodefont low or leaving it unaltered. Thus in this circuit, one can

never have the situation where both legs are simultaneously enabled. The ck signal which is applied

to both legs ensures this condition. When the circuit is evaluated, ck is high and during this time

interval the voltage applied to m7 is a constant or Vdd. The FIG. 6C circuit, known as domino

CMOS, is equivalent to the common mode circuit ofFIG. 6B since the voltage applied to the m7 leg

remains constant during evaluation.

Note that the common mode signal in the circuits of FIGS. 6B and 6C is essentially a

constant during evaluation. The final Boolean result ultimately depends on the value of the input

Boolean variables and not on the condition of the common mode leg. In other words, the common

mode determines the balance point of the circuit but the final output is a function of the input

variables.

FIGS. 7A, 7B and 7C illustrate digital comparator circuits ofa type described in U.S. Patent

No. 4,767,949 issued August 30, 1988 in the name of inventor W.T. Mayweather, III and entitled

"Multibit Digital Threshold Comparator," which is incorporated by reference herein. The FIG. 7A

circuit includes transistors ml -ml 0 and an inverter arranged as shown. The circuit as shown in FIG.

7Amay appear to have non-complementary input structures in that the DeMorgan rule does not seem

to be followed between top and bottom legs of the circuit. However, a decomposition of the FIG.

7A circuit as shown in FIGS. 7B and 7C illustrates that the input structures in the FIG. 7A circuit

are in fact complementary.

FIG. 7B copies only the lower leg n-channels and forms the complementary upper leg circuit

using the DeMorgan rule. That is, the series connection ofm3 to the parallel combination ofml and

m2 is translated as m4 being in parallel with the series combination ofm9 and mlO. Finally, the

parallel leg comprising the series combination of m7 and m8 translates into the series path

comprising the parallel combination ofm5 and m6.
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Transistors m5 and m6 ofFIG. 7B are then duplicated as respective transistor pairs m5, m5a

and m6, m6a, and the line denoted "wire" in FIG. 7B is cut as shown in FIG. 7C. This wire can be

cut because each path contains the influence of the signals X and Y. The path consisting of

transistors m5a, m6a , m9 and mlO can be further simplified by removing transistors m5a and m6a

since they are redundant. This simplification results in the circuit as shown in FIG. 7A, thereby

confirming that this circuit in fact has complementary input structures.

As is apparent from the foregoing, conventional comparator circuits have complementary

input structures configured for processing of complementary inputs. A need exists in the art for

improvements in comparator circuits in terms of reduced power dissipation, transistor count and

throughput delay relative to the conventional circuits.

Summary of the Invention

The present invention provides comparator circuits having non-complementary input

structures for use in performing comparisons and other related operations involving two or more

input signals. These comparator circuits are referred to herein as non-complementary comparators.

The input signals compared or otherwise processed in a given non-complementary comparator may

but need not be non-complementary input signals.

In accordance with one aspect of the invention, a non-complementary comparator includes

an evaluation element such as a memory cell, e.g., a random access memory (RAM) cell, a

differential amplifier, or other type ofcircuit adapted to perform an evaluation function, and at least

first and second input legs each coupled to a corresponding one of a first and second node of the

evaluation element. The first and second input legs have non-complementary structures relative to

one another, with each ofthe non-complementary structures having associated therewith a variable

parameter, e.g., a variable resistance, variable current or variable voltage, having a value that is a

function of a corresponding input signal. The evaluation element performs a comparison of at least

first and second inputs applied to the respective first and second input legs. The input legs may each

be implemented as a weighted array oftransistors, with each ofthe transistors in the weighted array

associated with a given leg corresponding to a particular bit or other portion of an input signal

applied to that leg.
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A non-complementary comparator in accordance with the invention may be used as a multi-

digit comparator to determine the relative weight ofdigital words, or to implement other comparator

circuits such as, e.g., majority rule circuits, analog common mode comparators, greater than/less than

circuits, array addition and comparison circuits, serial adder-binary search (SA-BS) circuits, analog

adders, add-compare-select (ACS) circuits, coupledmemory cell comparators and comparators with

mask functions.

Advantageously, the non-complementary comparators ofthe present invention can provide

substantial reductions in power dissipation, transistor count and throughput delay in a wide variety

of comparator-based circuits.

Brief Description of the Drawings

FIG. 1 is a diagram illustrating analog complementary voltages based on a common mode

voltage.

FIGS. 2A and 2B show conventional analog differential amplifiers.

FIGS. 3A and 3B show conventional analog sense amplifiers.

FIGS. 4A and 4B show conventional digital sense amplifiers.

FIGS. 5A, 5B and 5C illustrate progression of a conventional complementary structure to a

conventional static CMOS gate.

FIGS. 6A, 6B and 6C illustrate progression of a conventional OR gate to conventional

pseudo-NMOS and domino gate structures.

FIGS. 7A, 7B and C illustrate the complementary nature of a conventional logic gate.

FIG. 8 shows an analog sense amplifier in accordance with the invention, in which amplifier

outputs are isolated from evaluation legs after evaluation.

FIG. 9 is a timing diagram for the analog sense amplifier of FIG. 8.

FIGS. 1 OA, 1 OB, 10C and 10D show analog sense amplifiers in which aRAM cell is isolated

from the amplifier outputs in accordance with the invention.

FIG. 1 1 shows an illustrative embodiment of a two-input non-complementary comparator

in accordance with the invention.

FIG. 12 is a timing diagram for the non-complementary comparator of FIG. 11.

8
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FIG. 13 is a simplified diagram of the non-complementary comparator of FIG. 11.

FIG. 14 illustrates the manner in which weighted arrays may be used to implement

evaluation legs of the FIG. 1 1 comparator.

FIG. 1 5 illustrates the manner in which an offset can be added to a given one ofthe weighted

arrays of FIG. 14.

FIG. 16 illustrates the partitioning and pipelining of weighted arrays in a comparator in

accordance with the invention.

FIG. 17 shows a comparator having an N-tree to N-tree pipelined structure in accordance

with the invention.

FIG. 1 8 shows a comparatorhaving an N-tree to P-tree pipelined structure in accordance with

the invention.

FIG. 19 shows a majority rule circuit in accordance with the invention.

FIG. 20 shows an analog common mode comparator in accordance with the invention.

FIG. 21 shows a greater than/less than circuit in accordance with the invention.

FIG. 22 shows an array addition and comparison circuit in accordance with the invention.

FIG. 23 illustrates the manner in which weighted arrays are utilized in an example

implementation of the FIG. 22 comparator.

FIG. 24A shows another array addition and comparison circuit in accordance with the

invention.

FIG. 24B shows an adder circuit implemented using an arrangement of array addition and

comparison circuits.

FIG. 25 shows a serial adder-binary search (SA-BS) circuit in accordance with the invention.

FIG. 26 shows example C-language code for the SA-BS operations of the FIG. 25 circuit.

FIG. 27 shows a 32-bit adder circuit in accordance with the invention.

FIG. 28 shows an analog adder circuit in accordance with the invention.

FIG. 29 shows a conventional add-compare-select (ACS) circuit.

FIG. 30 shows an ACS circuit implemented using non-complementary comparators in

accordance with the invention.
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FIG. 3 1 shows an ACS architecture formed from ACS circuits ofthe type illustrated in FIG.

30.

FIG. 32 is a tabulation ofsimulation results illustrating the advantages ofthe ACS circuit of

FIG. 30 relative to the conventional ACS circuit of FIG. 29.

FIGS. 33 and 34 show coupled memory cell comparators in accordance with the invention.

FIG. 35 shows a comparator circuit with a mask function in accordance with the invention.

FIG. 36 shows a stacked implementation ofa non-complementary comparator in accordance

with the invention.

Detailed Description of the Invention

The present invention will be illustrated herein using exemplary non-complementary

comparators. The term "non-complementary comparator" as used herein refers to a circuit

configured so as to include non-complementary input structures or to otherwise be able to compare

two or more non-complementary input signals. The term "non-complementary input structures"

refers to two or more input structures which are not implemented as Boolean complements of one

another, e.g., are not implemented as complements of one another in accordance with the above-

noted DeMorgan rule.

It should be understood, however, that the invention is suitable for use with circuit structures

other than those specifically described herein. For example, the invention is applicable not only to

comparator circuits based on sense amplifiers and differential amplifiers, but also to comparator

circuits based on other types of circuit arrangements. In addition, as is apparent from the above

definitions, the invention can be used to implement a comparator circuit having two inputs, three

inputs, or more than three inputs. In the illustrative comparator circuits, supply voltage Vss is

illustrated as ground, but can be a particular non-zero voltage level, as is well known. Also, those

skilled in the art will recognize that the polarity ofthe transistor devices in a given circuit generally

may be reversed, e.g., p-channel devices may be replaced with n-channel devices and vice versa.

Moreover, the described circuits can be implemented using other transistor technologies, such as

bipolarjunction transistors (BJTs), GaAs transistors, and other technologies, as well as combinations

thereof.

10
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In accordance with one aspect of the present invention, a basic non-complementary

comparator is provided. As will be described in detail below, the basic non-complementary

comparator structure in an illustrative embodiment can be used to form multi-digit comparators that

determine the relative weight of digital words, as well as other comparator circuits such as, e.g.,

majority rule circuits, analog common mode comparators, greater than/less than circuits, array

addition and comparison circuits, serial adder-binary search (SA-BS) circuits, analog adders, add-

compare-select (ACS) circuits, coupled memory cell comparators, and comparators with mask

functions. Advantageously, the non-complementary comparators of the present invention can

provide substantial reductions in power dissipation, transistor count and throughput delay in a wide

variety of comparator-based circuits.

Isolation

As noted above, an important issue in conventional analog and digital sense amplifiers is

whether the two legs are enabled simultaneously. It is also important to provide isolation of the

comparator outputs from the evaluation legs.

FIG. 8 shows an analog sense amplifier in accordance with the invention, having a left input

leg F and a right input leg F which can both be enabled simultaneously. However, after evaluation,

the outputs achieve full digital values and do not incur the power dissipation penalty as previously

described in conjunction with FIGS. 3A and 3B. Transistors ml, m2, m3 and m4 form a cross-

coupled random access memory (RAM) cell that compares the contents of the two legs F and F

during evaluation. The transistors m3 and m4 also serve to isolate the output nodes lout and rout

from the respective legs F and F, so as to provide the isolation referred to above. The FIG. 8 circuit

further includes transistors m5 through m9 arranged as shown.

FIG. 9 is a timing diagram for the FIG. 8 analog sense amplifier. The transistors m5 through

m8 are used to initialize the RAM cell when clock signal ck is high. Nodes lout, Ibot, rout and rbot

are set to a Vss or ground potential during this interval. During evaluation, when ck is low, either

lout or rout goes high depending on the relative values ofinput signals in and m. Assume both input

signals are fully digital, i.e., have values ofVdd or ground, such that the circuit operates as a digital

sense amplifier. Note that because of the partition of the clock period into initialization and

11
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evaluation intervals, the output signal is valid only during the evaluation interval. To interface this

sense amplifier circuit to standard logic circuitry, the output signals lout and rout can be applied to

an RS flip-flop generating a signal that is constant over a full clock cycle. Other types of flip-flops

or other circuitry can also be used to capture the data for a full clock cycle.

In general, there are two distinct types of isolation that are of particular importance in

comparator circuits. The first type of isolation is the isolation of the comparator outputs from the

evaluation legs, and was previously described in conjunction with the comparator circuit ofFIG. 8.

Ifthe capacitive load at nodes lout and rout cannot be carefully balanced, a second type of isolation

can be incorporated. This second type of isolation is the isolation ofthe comparator random access

memory (RAM) cell or other evaluation element from the comparator outputs. Having both types

of isolation in a comparator circuit can provide substantial benefits, including reduction ofpower

dissipation and improved signal integrity. It should be noted, however, that this type of isolation

may not be needed in certain circumstances, e.g., where one can ensure a substantially equal

capacitive load at each output.

FIG. 10A shows the FIG. 8 circuit modified with additional circuitry in accordance with the

techniques of the invention to provide the second type of isolation referred to above. Transistors

mlO and mil isolate the evaluation of the nodes Ipos and rpos from the outputs lout and rout. This

is important because the evaluation oftheRAM cell becomes independent ofthe possible asymmetry

of the loads lout and rout. There are two clock signals ck
1

and ck
2
being applied to the circuit of

FIG. 10A. Clock signal ck
1

is applied like clock signal ck in FIG. 8 to m5, m6, ml and m8. Clock

signal ck
2
is a delayed version ofck

1

, and may be generated by tapping an inverter string or by other

suitable means known in the art. The circuit of FIG. 10A also preferably includes two additional

transistors (not shown) activated by ck
1

for initializing the nodes Ipos and rpos to ground.

FIG. 1OB shows an example implementation ofthe FIG. 1OA circuit. The numbers adjacent

the transistors in the FIG. 1OB circuit denote transistor widths in micrometers (^m). In the FIG. 1OB

circuit, the two additional transistors connected to nodes Ipos and npos are initialization transistors

used to precharge these nodes to Vss (ground in this example) when ck
1

is high. One possible

alternative configuration replaces these two initialization transistors with a single initialization

12
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transistor connected between the nodes Ipos and npos and configured so as to equalize the voltage

on these nodes during initialization.

There are also two additional transistors connected to nodes Ibot and rbot. These two

additional transistors have a width of 0.4 jam each and are permanently on via application ofVdd

to the gates thereof. These two transistors give an equal effort to both sides ofthe circuit and when

the gate structure that is connected to Ibot and rbot comprises transistors in series, these two

additional transistors help to account for charge sharing conditions. Charge sharing occurs when

some ofthe serial paths are not fully enabled, but still provide a short current burst to the evaluation

element due to parasitic capacitance in the enabled serial path being charged. By way of example,

assume an input leg contains three series transistors and the two top ones are enabled. During

evaluation, these two top transistors conduct charge to their parasitic capacitances, potentially

triggering a false enablement of the path, since the third lower transistor is not enabled. Thus, the

two enabled transistors as described previously help to add current to both sides of the circuit so as

to mask the influence of this "false enablement" of the three transistor path.

FIG. 10C shows the FIG. 1OB circuit modified to incorporate logic circuitry at the evaluation

cell outputs. Again, numbers adjacent transistors or other logic gates in the FIG. 10C circuit denote

corresponding transistor widths in micrometers (^m). In this circuit, the left side output lout is

generated at the output of an inverter 50-1 which has its input coupled to the node Ipos. The right

side output rout is generated at the output ofan inverter 50-2 which has its input coupled to the node

rpos. The lout and rout outputs are applied toNOR gate 52 andNAND gate 54, respectively. These

gates also receive conditional signal inputs denoted csl and cs2, and generate outputs outa and outb y

as indicated in the figure. The outputs outa and outb can be fed to other another comparator circuit

or otherwise extracted for subsequent processing. The inverters 50- 1 and 50-2 have equivalent sizes

and therefore present a balanced capacitive load to the nodes Ipos and rpos. The p-channel pass

transistors clocked by ck
2
in the in FIG. 10B circuit are eliminated in the FIG. 10C circuit, thereby

eliminating a clock delay.

It should emphasized that the particular arrangements shown in FIGS. 1 OA, 10B and 10C are

exemplary only. Those skilled in the art will recognize that numerous other arrangements are

possible using the techniques of invention.

13
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It should also be understood that numerous other initialization techniques may be used, as

will be apparent to those skilled in the art. In the remaining circuits described herein, initialization

circuitry will typically not be shown for simplicity and clarity of illustration.

Equalization

FIG. 10D shows a modified version ofthe FIG. 10C circuit specifically configured to address

capacitance imbalance or mismatch between the nodes Ipos and rpos. This capacitance imbalance

can occur inadvertently during physical layout, e.g., when the circuit is implemented in silicon. The

FIG. 10D circuit is designed to be more robust to this type of layout-related mismatch, through the

inclusion of additional transistors m6, ml and m8 as shown. The FIG. 10D circuit further includes

RAM cell transistors ml-m4 as previously described, transistors m9, ml 0, ml 1 and ml2 arranged

as shown, inverters 60-1 and 60-2, and two-inputNAND gates 62, 64. Outputs ofthe inverters 60-1

and 60-2 are connected to first inputs of the respective NAND gates 62, 64. In addition, an output

of each one of the NAND gates is connected back to a second input of the other NAND gate as

shown.

The additional transistors m6-m8 are each clocked by the clock signal ck
2

. Since ck
2
is a

slightly delayed version of ck
1

, when ck
1

decreases to Vss, ck
2
will still be at a potential near Vdd.

Therefore, when the RAM cell becomes enabled via transistor m5, transistors m6-m8 are still

enabled. The transistors m6-m8 thus attempt to maintain an equalized potential at nodes Ipos and

rpos, thereby substantially canceling the effect of capacitance imbalance between nodes Ipos and

rpos. In addition, because the RAM cell is being enabled during this time period via m5 5
the

regenerative capabilities of the RAM cell are increasing. Also during this period, the variable

parameters ofthe evaluation legs are being sensed at nodes Ipos and rpos via transistors m6 and m7.

Note that transistors m3 and m4 may not be enabled yet since the potential at nodes Ipos and rpos

may be below the threshold voltage(s) ofthese devices. However, because m6 and ml are enabled,

the parameters ofthe legs at Wot and rbot can be transferred to nodes Ipos and rpos while theRAM

cell is being enabled.

The additional transistors m6-m8 in the FIG. 10D circuit thus serve the following two

functions: (1) to transfer information associated with the variable parameters of the evaluation legs
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to the RAM cell; and (2) to equalize any capacitance imbalance at the nodes Ipos and rpos of the

RAM cell.

Again, the FIG. 10D circuit is shown by way of example, and other configurations may be

used to achieve the desired results.

Non-Complementary Function Evaluation

FIG. 11 shows a basic non-complementary comparator circuit in accordance with an

illustrative embodiment of the invention. The basic comparator in this illustrative embodiment is

in the form of a digital sense amplifier, but could be configured in other forms, as will be apparent

to those skilled in the art. The circuit includes a cross-coupledRAM cell formed of transistors ml,

m2, m3 and m4. Initialization transistors such as m5 through m8 of FIGS. 8 and 10A may be

included but are not shown in the figure. A clock signal ck is applied to transistor m9 and controls

the application ofVdd to the RAM cell as in the circuits ofFIGS. 8 and 10A.

Inputs in! and in
2
are applied to evaluation legs denoted as R, and R

2
respectively. As

previously noted, evaluation legs are also referred to herein as input legs. In accordance with the

invention, these legs have input structures which are non-complementary relative to one another, and

therefore do not behave as conventional digital circuit structures. The input legs are coupled to

nodes oftheRAM cell, e.g., nodes out and outn in this illustrative circuit. In the illustrative circuit,

the nodes to which the evaluation legs are coupled are on opposite sides ofthe cell, but this particular

type of configuration is not a requirement of the invention.

The evaluation legs in the basic comparator circuit of FIG. 1 1 are viewed as variable

resistances during evaluation. More particularly, the variable resistance associated with left leg R,

is a function ofinput in, and the variable resistance associated with right leg R2 is a function ofinput

in2 , as is shown in the figure. The outputs out and outn of the FIG. 1 1 comparator circuit are a

function of the variable resistances as follows:

If (R
x
< R

2),
the circuit will evaluate to out = 1 and outn = 0.

If (R, > R2),
the circuit will evaluate to out = 0 and outn = 1

.
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In this embodiment, the evaluation occurs when the clock signal ck goes low, although this is of

course by way of example and not a requirement of the invention.

The FIG. 1 1 comparator circuit by virtue of the variable resistances R, and R
2

is able to

compare input signal in! against input signal in
2 , even though in! may not be the complement of in

2
.

In other words, if the binary weight of in, is greater than the binary weight of in
2 ,
R, < R2

and out

= 1, thereby indicating that in! > in2 . As noted previously, conventional comparators are generally

unable to process non-complementary inputs in this manner. The variable resistances may be

implemented using weighted arrays of transistors, as will be described below.

A non-complementary comparator configured in amanner such as that shown in FIG. 1 1 may

also be referred to herein as "seesaw" logic.

Although the FIG. 1 1 circuit and other illustrative embodiments of the invention utilize a

RAM cell as an evaluation element, the invention can also be used with other types ofmemory cells,

as well as other types ofevaluation elements. The use ofaRAM cell is therefore by way ofexample

only, and should not be construed as limiting the invention in any way. The term "evaluation

element" as used herein is intended to include a memory cell, a cross-coupled differential amplifier,

other types of differential amplifiers, as well as other circuits capable ofperforming evaluations of

the type described herein in conjunction with the illustrative embodiments.

It should be noted that a given evaluation element in accordance with the invention need not

itself be capable of performing a comparison. For example, a sampling circuit may be used to

evaluate variable parameters associated with input legs by sampling the variable parameters. The

resulting samples can then be further processed in other local or remote circuitry to extract

relationship information from the samples. Such sampling circuit based implementations of the

invention are considered to be comparator circuits as the term is used herein.

The variable resistances used in the FIG. 1 1 circuit and other illustrative embodiments ofthe

invention are shown by way ofexample only. Other embodiments ofthe invention can utilize other

types of variable parameters, such as variable currents, variable voltages, etc. For example, in an

embodiment of the invention implemented using BJTs, the variable parameter may be a variable

current associated with each of the input legs.
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The illustrative circuit configuration shown in FIG. 1 1 has certain power reduction aspects.

Note that the FIG. 1 1 circuit includes a switch (transistor m9), theRAM cell (transistors ml -m4) and

the evaluation legs. This ordering is important since a bottom node of each of the evaluation legs

is at a constant potential, in this case Vss or ground, and therefore does not change potential during

the operation ofthe cell. Thus, the alternating current (AC) power dissipation associated with these

nodes is zero. Secondly, the variable parameter values associated with the evaluation legs are

transferred to nodes outn and out via respective transistors m3 and m4. Because the capacitance at

the top nodes of the evaluation legs can be large, the potential at these nodes may not vary much.

Thus, this leads to a second reduction in power.

FIG. 12 shows a timing diagram for the FIG. 1 1 circuit, and includes waveforms for the clock

signal ck, the inputs m
x
and in2, and the outputs out and outn. The input signals in, and in

2
need to

meet a setup time requirement with regard to the falling edge ofck as shown in the timing diagram.

The inputs and outputs in this embodiment are fully digital, except during the analog evaluation.

Once the ck signal goes low to evaluate the RAM cell, the input digital values are translated into

analog components inside the cell. This is illustrated in the figure as digital-to-analog (DTA)

conversion. The analog components are evaluated, compared and translated back into digital output

values, as shown by analog-to-digital (ATD) conversion in the figure. It can be shown that theDTA

andATD operations together take less than 1 nsec for a 9-bit word comparison in an implementation

in which inl and in2 are each 9-bit digital words. The final outputs out and outn after evaluation are

fully digital.

It should be noted that the FIG. 1 1 circuit may be configured so as to utilize the additional

transistors which are controlled by the clocks ck
1

and ck
2
in the manner previously described in

conjunction with FIGS. 10A and 10B.

FIG. 13 shows a simplified illustration ofthe FIG. 1 1 circuit in which transistors ml-m4 and

m9 are replaced with an element labeled "RAM cell." This RAM cell element will be used in

subsequent figures for further simplification. As noted previously, the RAM cell is only one

example of a type ofevaluation element that may be utilized in conjunction with the invention, and

other types ofmemory cells, differential amplifiers, sampling circuits or other circuits capable of

performing an evaluation function may be used. The simplified circuit is assumed to be configured
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so as to utilize the dual clocks ck
1

and ck
2
ofFIGS. 10A-10D. This dual clocking is indicated by the

clock input ck,_
2
shown as being applied to the RAM cell in the figure.

Although illustrated in the context ofa digital sense amplifier, the comparator ofFIG. 1 1 can

be used in both the analog and digital domains. More particularly, although well suited for use in

comparing multi-bit digital words, the basic comparator can also be used to form other comparator

circuits, such as, e.g., majority rule circuits, analog common mode comparators, greater than/less

than circuits, array addition and comparison circuits, serial adder-binary search (SA-BS) circuits,

analog adders, add-compare-select (ACS) circuits, coupled memory cell comparators, and

comparators with mask functions. Examples ofthese other circuits will be described in detail below.

Weighted Arrays

FIG. 14 illustrates the manner in which each ofthe evaluation legs ofthe FIG. 1 1 circuit can

be implemented as a weighted array oftransistors. In this figure, the input in, is an n-bit digital word

A = a^ a,, a^ . . . an_ 1
and the input in2 is a n-bit digital word B = b0,

b
l3
b

2 , . . . bn_,. The cross-

coupled RAM cell is not shown. Within a given evaluation leg, each ofthe bits of a given multi-bit

input word is applied to the gate ofa corresponding transistor. The widths ofthe transistors are sized

in accordance with the significance of their corresponding bits, i.e., the transistor corresponding to

the most significant bit (MSB) a^ of the input word A is associated with the 2
n l

width, while the

transistor corresponding to the least significant bit (LSB) % of the input word A is associated with

the 2° width. The transistors of the weighted array associated with input word B are sized in a

similar manner.

Although shown in FIG. 14 as being formed ofN-type transistors with digital weighting, the

arrays in other embodiments may be formed using a variety ofother transistor configurations, types,

and sizes. More particularly, the arrays can be weighted digitally, linearly or as a combination of

the two, the transistors can be in parallel, in series or a combination of the two, the transistor types

can be N, P or a combination of both, and bipolar transistors or other types of devices can be used

in place ofMOS transistors.

It should also be noted that the weighting may be accomplished by using a single transistor

ofa given width as the lowest weighted device in a given array, and then using parallel combinations
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of the transistor of the given width to implement the larger weighted devices. For example, the 2°

device in the left array ofFIG. 14 may be implemented as a single transistor of a given width, with

the 2
!

device being implemented as a parallel combination of two of the transistors of the given

width, the 2
2
device being implemented as a parallel combination of four of the transistors of the

given width, and so on. Similar weighting techniques can be implemented in conjunction with the

other weighted arrays described herein.

The example weighted array structure ofFIG. 14 can compare the strengths ofthe two n-bit

digital input words A and B. For example, assume n = 8 and the input A =10101010 while B =

10101011. Since B > A, the right array resistance R2
will be less than the left array resistance R

l9

such that the circuit in FIG. 13 will evaluate to out = 0 and outn = 1

.

If both inputs A and B are equal, the weighted arrays indicate a tie and the output of the

circuit may have either a "1" or "0" value after being evaluated. This is also known as a

"metastable" condition. In some applications, this uncertainty is acceptable. In other applications,

knowledge ofequality is important and the circuit behavior should remain consistent after evaluation

to ensure a consistent output. This issue can be addressed by incorporating an offset capability into

each of the arrays, as will be illustrated in conjunction with FIG. 15, or by using a string of

exclusive-or (XOR) gates to indicate that an equality condition has occurred, or by other suitable

techniques.

FIG. 1 5 shows the left array associated with n-bit input A including an offset capability. A

signal offset is applied to a gate of an additional transistor in the weighted array. This additional

transistor has a width corresponding to a digital weighting of less than 2°, in this case corresponding

to a digital weighting of 2" 1

. The width of the additional transistor in this embodiment is thus one-

half that of the next smallest transistor in the array, i.e., the transistor associated with the 2°

weighting.

It should be noted that, in certain applications, the offset transistor can have the same or

smaller width than that of the transistor associated with the 2° weighting but may also or

alternatively have a gate length that is longer than that of the 2° transistor, such that its resulting

behavior will provide the desired offset function. In other words, by appropriate selection of

parameters such as gate length, the behavior ofthe offset transistor may be made to approximate that
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of a device weighted by 2" 1

in width even though its actual width may be substantially the same as

that of the 2° transistor.

The signal offset for one or both of the weighted arrays can be set to a constant potential or

may have been generated in a previous operation. If it is a constant potential, e.g., left array offset

= Vdd, right array offset = 0, then in a tie, the left array will always have the lower resistance. Other

combinations of offset signal values can also be used to ensure that a particular array "wins" if the

A and B inputs are equal. Even in the case where both A and B inputs are zero, the offset ensures

that the output of the comparator circuit will not be indeterminate.

The other above-noted solution of using a string of XOR gates follows the conventional

configuration of a parity check. It looks for the case where all comparable bits are equal and gives

a single digital value indicating that such is the case. This is generally a more costly operation in

terms of area and power dissipation.

In weighted arrays such as those shown in FIG. 14, the lowest digital weight determines the

sensitivity of the arrays. However, when n is large, e.g., greater than or equal to 32, the lowest

digital weight may be so small as to be indistinguishable from noise. It may therefore be desirable

to partition a given array into a number of smaller arrays in a pipelined fashion.

FIG. 16 shows an example of such a pipelined array for a 32-bit comparator. The 32-bit

comparator includes four 8-bit comparator stages arranged in a pipelined manner. Only the first two

of the stages are shown in the figure. In this example, each of the left and right arrays of a given 8-

bit comparator includes eight transistors associated with digital weighting 2
7
through 2° and an

additional offset transistor associated with a weight of 2'\ For the first stage of the pipeline, eight

input bits ao, a„ a^ . . . a? are applied to the eight transistors of the left array and eight input bits b
l9

b2 , . . . b7
are applied to the eight transistors of the right array. Also, the left offset in the first stage

is set to a "1" while the right offset in this stage is set to a "0." In the case of a tie, the left array will

win. Once this stage is evaluated by the first stage RAM cell, its results are forwarded to the next

pair of offset transistors in the next stage.

Note that the outputs ofthe first stageRAM cell are flipped before being applied to the next

stage. By way of example, assume that a^ = b
0_7

. Because of the above-described offset

arrangement, the left array output outO-7 will go low. The output mon of the first stage RAM cell
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will go high and send the information from the previous stage to transistor mnl . This indicates that

the aQ_7 inputs are larger than the b
0_7

inputs. The output moffofthe first stage RAM cell at this time

is low and is applied to a corresponding transistor of the right array of the second stage.

At the next stage of the pipeline eight input bits a
8 ,

a9? . . . a
I5

are applied to the eight

transistors of the left array and eight input bits b
8 ,
b

9 , . . . b
15

are applied to the eight transistors of

the right array, and so on for the remaining stages of the pipeline (not shown).

The offset signal from a given pipeline stage passes to the next pipeline stage and provides

an indication as to which array is "winning" within a given stage. In this manner, a 32-bit

comparator can be implemented by a four-stage pipeline of 8-bit comparisons configured in the

manner illustrated in FIG. 16, with each stage having a sensitivity of 1 out of 512. The sensitivity

is thus determined by the number of bits in each stage, rather than the total number of bits that are

compared over all stages. This pipelining approach also decreases the area requirements of the

circuit. More particularly, the pipelining rescales the weighted transistors, such that the 32
nd

input

bit is applied to a device with weighting factor of 2
8 = 256 instead of 2

32 = 4xl09
. However, as a

result of the four-stage pipeline it will take four delays ofthe clock signal to generate a final output

in this example.

Pipelined Structures

Pipelining ofthe type described generally in conjunction with FIG. 1 6 may be implemented

using a number of different pipelined structures, including an N-tree to N-tree structure that will be

described in conjunction with FIG. 17 and an N-tree to P-tree structure that will be described in

conjunction with FIG. 18. The terms "N-tree" and "P-tree" indicate that the weighted arrays of the

evaluation legs of the corresponding comparator stages are formed using respective n-channel and

p-channel transistors.

FIG. 1 7 shows an example ofthe N-tree to N-tree pipelined structure which is similar to that

shown in FIG. 16. Note that the pipelined flow is from bottom to top in the figure. Clock signals

ck
1

, ck
2
and ck

3
are generated by tapping every second inverter of an inverter chain 100 as shown.

Other techniques, such as a delay lock loop or a multi-phase oscillator can also be used to generate

the needed clock signals. The clock signals ck
1

, ck
2 and ck

3
are applied to transistors of the
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comparator as indicated in the figure. Two stages are shown in FIG. 1 7, each ofwhich includes right

and left evaluation legs with weighted arrays. Each of the evaluation legs are denoted as "N-tree,"

and these legs receive pairs of inputs al, a2, bl, b2, cl, c2 and dl, d2 as shown. The outputs are

denoted lout 1 , rout 1 , lout! and row/2. The crossover may or may not be required depending on the

desired final operation.

The term "clock delay" as used herein refers to a delay ofa given clock signal, such as, e.g.,

the delay between clock signals ck
1

and ck
2
in FIG. 17 as measured from the midpoint ofthe falling

edge of ck
1

to the midpoint of the falling edge of ck
2
as shown in the figure.

FIG. 1 8 shows an example ofthe N-tree to P-tree pipelined structure. Note that the pipelined

flow is from top to bottom in the figure and an inverter is inserted between each ofthe outputs lout\

and rout 1 ofthe first stage and the corresponding inputs ofP-tree evaluation legs ofthe second stage.

This inverter is required so that the polarity of the output of the first stage is preconditioned for the

inputs for the second stage. This occurs because of the N-tree to P-tree structure. A suitable clock

generator circuit is shown in the figure and comprises an inverter chain 1 10 tapped after each ofthe

first three of the series inverters. In the FIG. 18 pipelined structure, the first stage evaluation legs

receive pairs of inputs al, a2 and bl, b2 as shown. The outputs loutX and rout\ ofthe first stage are

inverted and applied to the second stage P-tree structures as inputs cl and dl, respectively. These

P-tree structures also receive inputs c2 and d2 as shown. The second stage generates outputs lout!

and routl.

As noted previously, the FIG. 1 6 pipelined comparator can be implemented using the circuit

structures ofFIG. 1 7 or FIG. 1 8, or other suitable pipelining structures that will be apparent to those

skilled in the art.

Majority Rule Circuits

FIG. 19 shows an example of a majority rule circuit configured using the basic comparator

circuit of FIG. 1 1. A majority rule circuit of this type is useful for determining which of two n-bit

digital inputs has a larger strength, i.e., which has a greater number of "1" values. In this example,

the majority rule circuit is a 4-bit comparator. Each ofthe transistors of the weighted arrays in the

left and right evaluation legs have substantially equal width. This is indicated by the 2° weighting
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associated with each ofthe four transistors in the left and right arrays. The weighted array transistors

of the left evaluation leg receive a digital input in the form of four bits a, b, c and d, while the

weighted array transistors of the right evaluation leg receive a digital input in the form of four bits

w, x, y and z. If the abed input includes more "1" values than the wzyz input, the left leg resistance

R
{
will be less than the right leg resistance R

2 , and the comparator output signals out and out will

be "1" and "0" respectively upon evaluation.

Although not shown in the figure, one or more offset transistors may be included in the FIG.

19 circuit or other majority rule circuit in accordance with the invention in order to produce a

predictable output in the event of a "tie" as previously described.

Analog Common Mode Comparators

FIG. 20 shows an example of an analog common mode comparator configured using the

basic comparator circuit of FIG. 1 1 . The FIG. 20 circuit includes left and right evaluation legs

having weighted arrays configured with equal weighting as in the FIG. 19 circuit. The left

evaluation leg receives balanced analog input pairs a, a and b, b, and the right evaluation leg receives

balanced analog input pairs c, c and d, d. The common mode comparator outputs out and out

provide digital signals indicative ofthe difference between thecommonmode ofanalog input signals

a and b relative to analog input signals c and d.

Greater Than/Less Than Circuits

FIG. 21 shows an example ofa greater than/less than circuit configured using a combination

oftwo of the basic comparator circuits ofFIG. 1 1 . Such a circuit is useful in applications in which

it is desirable to place bounds on a comparison operation. More particularly, in a greater than/less

than circuit, both an upper limit and a lower limit may be provided. The FIG. 2 1 circuit implements

a comparison to determine if a particular 4-bit digital input signal in has a value between a 4-bit

lower limit in! and a 4-bit upper limit in
2

. The signal in is applied to the right leg of the first one of

the FIG. 1 1 comparator circuits and to the left leg of the second one of the FIG. 1 1 comparator

circuits. The lower limit in, has a value of 1000 binary in this example, and is applied to the right
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evaluation leg of the second comparator circuit. The upper limit in
2
has a value of 1 100 binary in

this example, and is applied to the left evaluation leg of the first comparator circuit.

The figure includes a table indicating the particular values of the outl and out2 signals

generated depending on the relationship of the input in to the lower and upper limits. It can be seen

from the "< 1000" and "s>1100" entries of the table that the circuit is not configured to indicate

equality with the limits, i.e., the limits are excluded. This is through the assignment of the offset

values for the right evaluation legs ofboth comparators to "1" and for the left evaluation legs ofboth

comparators to "0". The limits can be included by reversing the offset values.

Comparators for Three or More Inputs

The above-described example comparators are configured to compare two non-

complementary signals simultaneously. Advantageously, the comparators allow a quick and

efficient determination ofthe relative weights ofthe two input signals. The FIG. 1 1 comparator can

also be used to implement a wide variety ofnon-complementary comparator circuits for processing

more than two inputs simultaneously. Examples of such circuits will be described below in

conjunction with FIGS. 22 through 34.

Array Addition and Comparison Circuits

FIG. 22 shows an example array addition and comparison circuit configured using a variant

ofthe basic comparator ofFIG. 1 1 . This circuit includes a pair of left evaluation legs corresponding

to variable resistances R, and R
2 , and a single right evaluation leg corresponding to a variable

resistance R
3

. The circuit performs an addition operation on two inputs and compares the result to

a third input. More particularly, the combined influence oftwo n-bit inputs in! and in
2
each applied

to one of the left evaluation legs is compared directly to the third input in
3
applied to the right

evaluation leg.

The variable resistances R
l5
R2

and R
3
each may be implemented using a weighted array in

the manner previously described, and are functions of their respective inputs in,, in
2
and in

3 . The

inputs in, and in
2
are translated via the respective weighted arrays corresponding to R, and R

2
to

analog components. These analog components are added together at node Wot and compared against
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an analog component generated at node rbot by translation of input in
3
via array R

3 . The result of

this comparison is given at nodes out and outn. The inputs and outputs of the FIG. 22 circuit are

fully digital. The translation ofthe inputs in,, in
2
and in

3
into analog components is a type ofDTA

conversion and the translation ofthe analog result back to digital form is a type ofATD conversion,

both as previously described in conjunction with FIG. 11. Like the FIG. 11 circuit, the FIG. 22

circuit can perform its combined DTA and ATD operations in under 1 nsec for 9-bit digital inputs.

FIG. 23 shows a more particular example of the FIG. 22 circuit illustrating the weighted

arrays for adding two 5-bit inputs in, and in
2
and comparing the result to a 6-bit input in

3
. The

weighted arrays are configured in the manner described previously, with each using five or six

transistors having widths digitally weighted from 2° to 2
4
or 2

5
and an additional transistor having

a width denoted as 2~\ An additional transistorM
eq
of the weighted array in the first ofthe two left

evaluation legs has its gate connected to ground as shown. An offset transistor ofthe weighted array

in the second of the two left evaluation legs has applied to its gate an offset signal denoted as

offset 1+2 . An offset transistor ofthe weighted array in the right evaluation leg has applied to its gate

an offset signal denoted as offset
3

. One of the two offset transistors is enabled while the other is

disabled so as to ensure a predictable output in the event ofan equivalent result, in a manner similar

to that previously described.

Assume that the two 5-bit inputs in, and in
2
are 1 1010 and 01 1 1 1, respectively, while the 6-

bit input in
3
is 101001, all as shown in the figure. By binary addition, the sum ofthe two 5-bit inputs

is 101001, which is equal to the input in
3
applied to the weighted array associated with variable

resistance R
3

. The equivalence of the two sides is apparent by adding the total width ofthe enabled

transistors on each side, assuming 2° = 1 \im. In the weighted arrays associated with variable

resistances Rj andR2 , the total transistor widths are 26 )im and 15 urn, respectively, for a total of41

|im between R, and R
2

. In the weighted array associated with variable resistance R
3 , the total width

is 41 fim, which is equivalent to the combined total for R, and R2 .

The additional transistorMeq in the left-most weighted array ensures that the parasitic drain

capacitance of both nodes Ibot and rbot is substantially identical. In some cases, it is important to

ensure that the corresponding evaluation legs appear equivalent to the RAM cell. Note that this
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additional transistor is shown as having its gate tied to ground in the FIG. 23 circuit but in other

embodiments can be used to bring additional signal information, e.g., a carry input, into the circuit.

The circuits ofFIGS. 22 and 23 can be readily extended to add more than two numbers on

one side of theRAM cell and compare the result to an addition oftwo or more numbers on the other

side of the cell.

FIG. 24A shows an example ofsuch a circuit in which three inputs in
l5
in

2
and in

3
are applied

to three left evaluation legs, with the result of the addition of these three inputs being compared to

the result of an addition of two inputs in4 and in
5
applied to two right evaluation legs. Associated

with the evaluation legs are corresponding variable resistances R
l5
R

2 ,
R

3 ,
R4 and R5 , each ofwhich

may be implemented as a weighted array of transistors in the manner previously described. Offset

signals offset I+2+3 and offset4+5 are applied to the innermost legs on each side of the RAM cell as

shown.

FIG. 24B shows an adder circuit implemented using an arrangement of array addition and

comparison circuits, each configured in a manner similar to that described in conjunction with FIG.

22. The FIG. 24B adder circuit includes nine array addition and comparison circuits arranged as

shown, and operates to add two 8-bit inputs to generate a 9-bit result. Each ofthe nine array addition

and comparison circuits includes a RAM cell, a left input leg having a single weighted array and a

right input leg having two weighted arrays, and operates in a manner similar to that described in

conjunction with FIG. 22. The left input leg arrays each receive a 9-bit input. The two arrays of

each of the right input legs receive a pair of 8-bit inputs. More particularly, the two arrays of each

right input leg each receive as an input one oftwo 8-bit signals in! and in
2
to be added. One of the

arrays in each right input leg also receives an offset signal and a carry in signal.

The FIG. 24B adder circuit is implemented using an N-tree to N-tree pipelined structure

similar to that previously described in conjunction with FIG. 17. In addition, this adder circuit

utilizes a binary search method of a type to be described below in conjunction with FIG. 25, but

includes additional cells rather than a finite state machine (FSM) as in the FIG. 25 circuit.

The binary search process in the FIG. 24B circuit begins in the array addition and comparison

circuit that receives as its 9-bit left leg input the reference input 100000000. This is referred to as

the first array addition and comparison circuit. The sum of in
x
and in2 is then compared against this
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reference input. If the comparison indicates that the sum is smaller than the reference input, the

output 0I8 is low. Note that a buffer 120 is placed on this output line. The buffer is used to drive

the large fanout of the most significant bit for the remaining comparisons. Although not shown,

similar buffers can also be placed at the ol7 through olO nodes.

Once the 0I8 output is determined, as denoted by "a" in the figure, that result is applied to

the remaining array addition and comparison circuits in the most significant bit location as shown.

The first array addition and comparison circuit uses clocks ck
x
and ck

2 , the second array addition and

comparison circuit uses clocks ck
3
and ck4 , and so on. Note than an additional delay has been

incorporated into this pipelined structure, e.g., ck^ and ck
3 .4 are used for the respective first and

second array addition and comparison circuits instead ofck^ and ck2_3 , in order to account for the

delay of the buffer 120. Each clock with a higher number designation k has its clock edge delayed

by k-l delay increments A relative to a corresponding clock edge of the ckP Thus during ck
3
and

ck4 , the next comparison is evaluated in the second array addition and comparison circuit, this time

comparing the sum of in, and in
2
to the 9-bit value al 0000000, where "a" as noted above was

determined in the first array addition and comparison circuit as output ol8. The ol7 output is

determined from the second comparison, and is denoted by "b" in the figure. This result is applied

to the remaining array addition and comparison circuits in the second most significant bit location

as shown.

Similarly, the third array addition and comparison circuit compares the sum of in! and in
2
to

the 9-bit value ab 1000000. The result corresponding to output ol6 is denoted by "c" in the figure

and is placed in the next most significant bit location of the remaining 9-bit words. This process

continues for each comparison to form results denoted "d," "e "
. . . "h" until the last comparison is

evaluated. The sum is given by the 9-bit word "abcdefgh and olO." As noted previously, this

technique uses a type ofN-tree to N-tree pipelined structure, with certain results from earlier stages

being sent to multiple later stages in the manner described above.
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Serial Adder-Binary Search (SA-BS) Circuits

FIG. 25 shows an example serial adder-binary search (SA-BS) circuit configured using a

variant of the basic comparator of FIG. 1 1 . The circuit includes a RAM cell, two left evaluation

legs and a right evaluation leg. The two left evaluation legs comprise variable resistances R, and

R2
which receive respective n-bit inputs in

{
and in

2
. Each of the variable resistances R

x
and R2

may

be implemented as weighted arrays ofn or more transistors in the manner previously described. The

right evaluation leg comprises a variable resistance that is shown in the figure as being implemented

as a weighted array oftransistors. This weighted array receives as its input a known reference value

a^ = a„, . . . ao generated by a finite state machine (FSM) 130. The FIG. 25 circuit is configured

to calculate the sum of the n-bit inputs in
x
and in2 .

The FSM 130 in this example initially generates reference value an.0
= 100. . .00 in a register

132 as shown so as to partition a binary search range in half This is the first step in a binary search

process. A comparison is then made between this reference value and the addition of the inputs in,

and in2 as implemented using the two weighted arrays on the left side of the circuit. The circuit

output outn is a digital signal indicating the result of this comparison, and is fed back to an input of

the FSM as shown in the figure. The FSM uses this signal to determine whether the upper range or

lower range should be partitioned in half in the next step of the binary search process. Ifa decision

is made to partition the upper range, the reference word for the next step of the process becomes

110.. .00. If a decision is made to partition the lower range, the reference word for the next step of

the process becomes 010 ... 00. The binary search process thus shifts the initial "1" in the MSB to

the right by one bit position and replaces the MSB in the new reference value with a "1" ifthe result

of the addition is larger than the initial reference word or with a "0" if the result of the addition is

smaller than the initial reference word. The MSB also serves as a carry out bit. The binary search

process continues until the result ofthe addition ofthe inputs in! and in2 is indicated by the reference

word and any carry out bit.

FIG. 26 shows a set of example C-language programming code for performing the above-

described serial addition-binary search operation. The time in clock cycles to complete an addition

operation using the FIG. 25 circuit is n, i.e., the number of bits in each of inputs in! and in
2
and

reference word a^.
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The FIG. 25 circuit includes on the left side thereof an additional transistor which receives

as its input an offset signal. In this example, the offset is set to Vdd. Setting this offset in this

manner ensures that the left side ofthe circuit will always "win" the comparison in the event that the

result of the addition of inputs in! and in
2
is substantially equivalent to the reference value, i.e., in

the event of a "tie."

An example of the operation of the FIG. 25 circuit in the event of the above-noted tie is as

follows. Assume that the result of the addition of inputs in! and in
2
in the first step of the binary

search is exactly 100 ... 00, which also corresponds to the initial reference value. The previously-

described offset ensures that the left side ofthe circuit will win this first comparison. The reference

value then becomes 1 10 ... 00, such that the right side ofthe circuit wins the next comparison. The

reference value then becomes 101 ... 00 and the right side of the circuit continues to win in all the

remaining comparisons. In the last comparison, the reference value is 100 ... 01. The right side

thus wins, leaving the reference value at 100 . . . 00, which is equivalent to the addition of the two

inputs as implemented using the two left side arrays.

FIG. 27 shows an example 32-bit serial adder-binary search (SA-BS) circuit formed by a

series interconnection offour smaller 8-bit SA-BS circuits each receiving 8 bits ofa first input signal

A and 8 bits of a second input signal B. Each of the 8-bit SA-BS circuits in FIG. 27 may be

configured substantially as shown in FIG. 25. In the uppermost 8-bit SA-BS circuit, the offset input

is set to Vdd while its carry out bit carry out-8 is passed to the next SA-BS circuit in the series as

its offset input. Similarly, the carry out- 1 6 from the second SA-BS circuit is passed to the third SA-

BS circuit as its offset input, and the carry out-24 from the third SA-BS circuit is passed to the fourth

SA-BS circuit as its offset input. The carry out bit carry out-32 from the fourth SA-BS circuit is the

carry out bit of the 32-bit adder.

Because carry out-8 takes one clock delay to evaluate, the second SA-BS circuit must wait

an additional clock delay for this result. Similarly, the third and fourth SA-BS circuits must also

each wait an additional clock delay for their respective carry out- 16 and carry out-24 inputs. As a

result, a 32-bit addition can be completed in a total of 1 1 clock delays. The carry out bit is the first

bit determined, unlike in a conventional digital adder that typically computes the least significant

additions before determining the carry out bit.
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Analog Adder Circuits

FIG. 28 shows an analog version ofthe SA-BS circuit ofFIG. 25. This analog adder circuit

includes first and second 5-bit weighted arrays on a left evaluation side of the circuit, and a single

6-bit weighted array on a right evaluation side of the circuit. The arrays comprise n-channel

transistors having widths sized in accordance with weightings 2° through 2
4
for the left side arrays

and 2° through 2
5
for the right side arrays. Associated with each side ofthe circuit is a corresponding

current source I providing a constant current. Offset and carry out devices are not shown but may

be configured substantially as in the FIG. 25 circuit. The analog adder circuit compares the voltage

drop across the combined first and second left side 5 -bit arrays with that across the right side array

for a given reference value generated under control ofa finite state machine (FSM) 140 by a digital

searcher 142. An input of the FSM is driven by an output out of the circuit. Decisions are made

in a manner similar to that described in conjunction with the FIG. 25 circuit. However, in the analog

adder circuit, since the constant current flows continually, the decision is made continuously except

at updates to the reference value. In other embodiments, switched current sources may be used in

order to save power.

Add-Compare-Select (ACS) Circuits

FIG. 29 illustrates the structure ofa conventional add-compare-select (ACS) circuit thatmay

be more efficiently implemented using non-complementary comparators in accordance with the

present invention. An ACS operation in the FIG. 29 example is performed on two different sets of

inputs, and the sum of the largest set is passed to a subsequent processing block. Such operations

are fundamental in communication signal processing applications such as Viterbi decoding,

maximum likelihood decoding, etc. The FIG. 29 circuit includes first and second adders 150-1 and

150-2, a subtractor 152 and a multiplexer 154. Inputs in, and in2 are added in the first adder 150-1

while inputs in
3
and in4 are added in the second adder 150-2. The results of the two additions are

compared by subtracting them in the subtractor 152, and the result of the subtraction is applied as

a select input to the multiplexer 1 54 in order to select one of the addition results. This conventional

approach is inefficient in terms circuit area and power dissipation.
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FIG. 30 shows an ACS circuit implemented using a variant ofthe basic non-complementary

comparator of FIG. 11. This ACS circuit includes a RAM cell, left side and right side evaluation

legs each having two parallel variable resistances, and a multiplexer 1 60. The left side ofthe circuit

includes variable resistances Rj and R
2
which receive n-bit inputs in! and in

2 ,
respectively, and the

right side ofthe circuit includes variable resistances R
3
andR4 which receive n-bit inputs in

3
and in4 ,

respectively. The variable resistances may each be implemented using a weighted array in the

manner previously described. The left side variable resistanceR2
receives as an offset input a signal

offset 1+2 and the right side variable resistance R
3
receives as an offset input a signal offset3+4 . The

inputs in
ls

in
2 ,

in
3
and in

4
are also applied as inputs to the multiplexer 160, and an output out of the

circuit is applied as a select signal to the multiplexer 160.

In operation, both pairs of inputs in
l5

in
2
and in

3 ,
in4 are simultaneously added together and

the addition result for one pair is compared to the addition result for the other pair. The result ofthe

comparison is the output signal out used to select a particular one of the pairs for passage to the

output of the multiplexer. Note that the FIG. 30 circuit does not calculate the sum ofthe two inputs

selected and passed through the multiplexer. The select signal is instead used to pass both in, and

in
2
or in

3
and in

4 . This is because in many applications it is appropriate to perform the addition only

once at the end ofa layered architecture comprising multiple ACS circuits ofthe type shown in FIG.

30, as will be described in greater detail in conjunction with FIG. 31.

FIG. 31 shows one example ofthe above-noted layered architecture, configured to compare

eight different pairs ofinputs. A first layer 1 70- 1 comprises fourACS circuits, a second layer 1 70-2

comprises two ACS circuits, and a third layer 170-3 comprises a single ACS circuit. An adder 172

is included to calculate the sum of the two inputs in the particular pair of inputs selected by the

singleACS circuit ofthe third layer 1 70-3 . In this architecture, all eight pairs ofinputs are compared

without performing an actual addition operation. More particularly, the winning pairs from one layer

are compared against one another at a subsequent layer until a final winning pair is identified, and

an addition is then performed only for the inputs ofthe final winning pair. The non-complementary

comparator on which the FIG. 30 circuit is based allows for this particularly efficient ACS

architecture.
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FIG. 32 shows a tabular listing of simulation results illustrating performance improvements

attributable to the present invention for an example ACS circuit. The power requirements in

microwatts (|iW), transistor count, and delay in picoseconds are compared for the conventional FIG.

29 ACS circuit and the FIG. 30 ACS circuit of the present invention (denoted "seesaw" in the

figure).

The simulations were carried out using 0. 1 6 ^mCMOS technology with a power supply Vdd

of 1.5V and a frequency of operation of 200 MHz. The delay was measured at an ambient

temperature of 105 °C while the power was measured at 0 °C and high Vdd. The conventional ACS

circuit of FIG. 29 was assumed to use a ripple-carry design for the adder and subtractor elements.

As is apparent from the table of FIG. 32, the FIG. 30 ACS circuit resulted in a substantial savings

in terms ofpower (x20 gain factor), transistor count (x95 gain factor) and delay (x2.17 gain factor)

required for add and compare operations relative to the conventional FIG. 29 ACS circuit, at the cost

of minor increases in the power and transistor count for the select operations. The latter increases

are attributable primarily to the fact that the multiplexer circuit in the FIG. 30 ACS circuit passes

two n-bit buses instead of one n+1 bus.

Coupled Memory Cell Comparators

FIGS. 33 and 34 show examples ofcoupledmemory cell comparators in accordance with the

invention. These comparators are formed using different combinations of the basic comparator of

FIG. 11.

The FIG. 33 circuit includes a pair of the FIG. 11 comparators connected in parallel as

shown. This circuit as configured compares the sum ofinputs in
2
and in

3
with the sum of inputs in

t

and in
4

. The top wire in FIG. 33 can be opened, in which case the circuit will compare in! against

in2 + in
3
and make a second comparison of in

2
+ in

3
against in4 .

The FIG. 34 circuit is configured like the FIG. 33 circuit but includes a third FIG. 1

1

comparator coupled to the first and second FIG. 1 1 comparators as shown. The input legs denoted

R
2
and R

3
in this embodiment may each comprise multiple weighted arrays of the type previously

described herein. The FIG. 34 circuit compares the sum ofinputs in2 and in
3
with the sum of inputs

in, and in
5
and the sum of inputs in4 and in

6
.
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Those skilled in the art will recognize that other coupled memory cell comparators can be

generated using multiple interconnected comparators ofthe type described in conjunction with FIG.

1 1 . For example, multi-input comparator techniques such as those described in the above-cited U.S.

Patent No. 6,191,623 and U.S. Patent Application Serial No. 09/162,852 may be used in conjunction

5 with the comparators described herein to form a wide variety of different comparators having three

or more inputs.

Comparators with Mask Functions

FIG. 35 shows an example comparator circuit with mask function, configured using a variant

of the basic comparator of FIG. 11. In this circuit, mask bits are applied to weighted arrays

associated with left and right input legs. Each of the weighted arrays receives 32 mask bits and 32

input bits in this example. More particularly, the left side weighted array receives an input signal

in the form ofinput bits 0, 1 , ... 3 1 and the right side weighted arrays receives an input signal in the

form ofsearch bits 0, 1 , ... 3 1 , as shown. The mask bits are applied to the gates ofupper transistors

in the weighted arrays, while the input and search bits are applied to lower transistors in the

respective left and right arrays. The transistors ofthe left and right arrays are digitally weighted with

a constant 2° weighting, with the exception of offset transistors in the left array which have a 2" 1

weighting as shown. The offset transistors in the left array have their gates tied to Vdd as shown in

the figure.

In operation, the FIG. 35 circuit implements a comparison of the input bits with the search

bits, with particular bits being masked, i.e., excluded from the comparison, in accordance with the

applied mask bits.

Alternative Comparator Configurations

25 FIG. 36 shows another example comparator circuit in accordance with the present invention.

This circuit is a non-clocked "stacked" configuration in which a constant current I is supplied to left

and right evaluation legs each having variable resistances Rj and R
2
arranged as shown. Inputs in,

and in
2
are applied to the variable resistances R, and R

2 ,
respectively, in both of the left and right

legs. The resulting output signals out and outn are then applied to a differential amplifier 180 as
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shown. The variable resistances may be implemented using weighted arrays as previously described.

It is assumed for this example circuit that the arrays for the upper resistances in each leg are formed

using n-channel transistors. If the arrays for the upper resistances in each leg are instead formed

using p-channel transistors, the inputs should be inverted.

The particular embodiments of the invention as described herein are intended to be

illustrative only. For example, as previously noted, different device types and transistor technologies

may be used in other embodiments. In addition, the basic comparator described herein may be

implemented in other configurations, and can be used in higher level circuit applications other than

those specifically described herein. Another possible alternative configuration is a circuit in which

the evaluation element is in the form of a sample circuit that samples the variable parameters

associated with the input legs such that the samples can be subsequently processed to extract

information therefrom regarding the relationship of the applied inputs.

Also, the comparator circuits ofthe present invention may be implemented in the form ofan

integrated circuit which may or may not include additional circuit components or other processing

ormemory elements. Furthermore, as described in more detail above, the invention can operate with

variable parameters other than the variable resistances described in conjunction with the illustrative

embodiments, such as a variable current or variable voltage. Moreover, the invention can be applied

to complementary input signals as well as non-complementary input signals. These and numerous

other alternative embodiments within the scope of the following claims will be readily apparent to

those skilled in the art.
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